epidermal cell can induce a change in its developmental fate (Berger et al., 1998a). The simple correlation between cell position and cell type differentiation in the Arabidopsis root epidermis implies that cell-cell communication events are critical for the establishment of 
WEREWOLF (WER), a regulator of epidermal cell pat-
allelic. The F1 offspring from crosses between these mutants and wild-type plants produced roots with a terning in Arabidopsis. WER is required for patterning of root and hypocotyl (but not leaf) epidermal cells and normal phenotype and F2 offspring segregated in a ratio of one hairy root to three normal root plants, indicating for appropriate expression of the homeobox gene GL2. The WER gene was found to encode a MYB protein and that the hairy root phenotype is caused by a single nuclear recessive mutation. to be expressed in a cell position-dependent manner, within developing non-hair cell files of the root and nonMutations in two loci, TTG and GL2, had previously been shown to generate hairy roots (Galway et al., 1994; stomatal cell files of the hypocotyl. Furthermore, the WER protein is shown to interact with the bHLH protein DiCristina et al., 1996; Masucci et al., 1996) . Complementation tests between the newly identified hairy root encoded by the maize R gene and to act in opposition to the CPC. These results provide the basis for a simple plants and the ttg and gl2 mutants generated offspring with normal roots, demonstrating that the hairy root mumodel to explain the position-dependent patterning of the two cell types in the root epidermis, and they provide tants identified in this screen define a novel locus. Because the mutations cause a hairy root phenotype, this insight into the regulation of epidermis development throughout the Arabidopsis plant.
gene was named WEREWOLF (WER) and the mutant lines designated wer-1 (in the Columbia [Col] ecotype), wer-2 (WS ecotype), and wer-3 (WS ecotype). Results
Genetic Identification of a Novel Component WER Is an Early Regulator of Epidermal Cell Fate in the Root and Hypocotyl of Epidermal Cell Patterning
To identify loci controlling epidermal cell patterning, we Microscopic examination of wer mutant roots showed that their hairy root phenotype is due to ectopic root screened M2 seedlings from EMS-treated Arabidopsis populations for roots displaying abnormal hair produchair cell production ( Figure 1E ). Approximately 90% of epidermal cells in the N position (located outside a single tion. Three independent mutants were identified that exhibited a "hairy" root phenotype ( Figure 1B) . Complecortical cell) produce root hairs in the wer mutants, compared to less than 5% in the wild type. This indicates mentation tests revealed that these three mutants are that WER is normally required for cells in the N position WER Is Required for Position-Dependent Expression of the Homeobox Gene GL2 to undergo non-hair cell differentiation.
To estimate the developmental stage at which WER To define the relationship between WER and GL2 in root epidermis patterning, we examined the expression of is required, various markers of epidermal cell differentiation were examined in the wer mutants. At an early the GL2 homeobox gene in the wer-1 mutant. Northern blot analysis using total RNA extracted from seedling developmental stage (within the meristematic region) in wild-type roots, the differentiating hair cells (in the H root tips showed that the steady-state level of GL2 mRNA is reduced in wer-1 roots (Figure 2A ). To deterposition) can be distinguished from the differentiating non-hair cells (in the N position) by their densely staining mine whether this is due to an effect of wer-1 on GL2 promoter activity, GUS expression was assessed in cytoplasm and reduced vacuole size (Dolan et al., 1994; Galway et al., 1994). In the wer mutant, the H and N wer-1 mutant plants harboring a GL2 promoter::GUS construct. In wild-type plants, the GL2 promoter drives GUS position cells in the meristematic region lack these differences; rather, all cells possess the cytoplasmic denexpression within differentiating root epidermal cells located in the N position (Figures 2B and 2C ; Masucci et sity and vacuolation characteristics typical of differentiating hair cells ( Figure 1C ). Another early marker of hair al., 1996). In the wer-1 mutant, this position-dependent GL2::GUS expression is abolished and GUS activity is versus non-hair cell differentiation is the relative rate of cell division, which is approximately 30% higher for detected at a relatively low level in a small, scattered number of epidermal cells ( Figure 2B ). Quantitative GUS meristematic cells in the H position (Berger et al., 1998c). In the wer mutant, however, the cell division rate in assays showed that the wer-1 mutant roots possess less than 4% of the GUS activity present in wild-type the two positions is nearly the same (relative H/N cell division rate: Col wild-type, 1.31 Ϯ 0.07; WS wild-type, roots (Col wild type, 2890 Ϯ 390 U/mg; wer-1, 110 Ϯ 38 U/mg). Analysis of transverse sections of wer-1 1.29 Ϯ 0.07; wer-1, 1.10 Ϯ 0.06; wer-2, 1.06 Ϯ 0.07; wer-3, 1.09 Ϯ 0.05). Because the wer mutations affect GL2::GUS roots showed that GUS-expressing cells are located in both the N and H positions ( Figure 2C ). These all aspects of epidermal cell type differentiation, WER is likely to be required at an early stage of cell fate observations indicate that the WER gene is required for the appropriate level and pattern of GL2 transcription specification.
Because epidermal cell fate is correlated with the corduring root epidermis development. GL2 expression was also assessed in other organs of tical cell arrangement, we tested the possibility that the defective cell patterning in the wer mutant is due to an the wer-1 mutant plants. In the hypocotyl, GL2::GUS expression normally occurs in the epidermal files that abnormality in root structure. Examination of transverse sections of wild-type and wer mutant roots revealed no give rise to the nonstomatal cells (equivalent to the N cell position in the root; Figure 2D ; Hung et al., 1998). significant differences in the epidermal cell number (Col wild-type, 19.0 Ϯ 1.3; WS wild-type, 18.5 Ϯ 1.6; wer-1, In hypocotyls from the wer-1 GL2::GUS seedlings, we observed a dramatic reduction in GUS activity, indicat-19.2 Ϯ 1.8; wer-2, 21.3 Ϯ 2.5; wer-3, 20.1 Ϯ 0.6), cortical cell number (all roots examined [n Ͼ 6 for each line] ing that WER is necessary for the position-dependent GL2 expression in the hypocotyl epidermis ( Figure 2D ). possessed eight cortical cell files), or organization of the root tissues ( Figure 1C; Figures 1D and 1E ), and they exhibit releaf) compared to the Col wild type (18.3 Ϯ 2.5 triduced GL2 promoter activity, similar to the wer mutant chomes/leaf), indicating that WER does not regulate epi-( Figure 2B ). These results indicate that WER is required dermal patterning in the leaf. Furthermore, seed coat for the phenotypic effect of the maize R in Arabidopsis, mucilage production and anthocyanin pigmentation, and it suggests that WER acts either downstream or in two characteristics that are altered in ttg or gl2 mutants, parallel with this bHLH protein to influence GL2 expresare not affected in the wer mutants (data not shown).
sion and epidermis development. Taken together, the phenotypic analysis of wer plants Another factor required for epidermal patterning is indicates that WER is a specific regulator of cell pat-CPC, which appears to act as a negative regulator of GL2 ( tant plants, and a 9 kb fragment was found to rescue the wer-1 hairy root phenotype ( Figure 3A ). We seFurthermore, the wer-1 cpc plants direct an intermediate level of GL2 promoter activity, as assessed by the quenced this 9 kb DNA fragment and identified two predicted genes, one of which encoded a MYB-like pro-GL2::GUS transgene ( Figure 2B ). These results indicate that each mutation can partially suppress the effect of tein. A 5 kb fragment containing only the MYB-like gene and flanking sequences was found to complement the the other mutation, and they suggest that WER and CPC may act in a related but opposing manner to influence wer-1 mutant phenotype ( Figure 3A ), demonstrating that this represents the WER gene. epidermal cell patterning.
A cDNA clone of the WER gene was generated using RT-PCR with RNA from seedling root tips. Determina-
WER Encodes a MYB-Related Protein
The WER gene was cloned by a genetic map-based tion and comparison of the cDNA and genomic DNA sequences showed that the WER gene contains three strategy using F2 offspring derived from a cross between the wer-1 mutant (Col ecotype) and the Landsexons and two introns ( Figure 3A ; GenBank accession number AF126399). The deduced WER amino acid seberg (Ler) wild-type ecotype. We initially mapped the WER locus within a 4 cM interval on chromosome 5 quence reveals a 203-residue protein (23.5 kDa) containing a region with similarity to the DNA-binding doflanked by the SSLP markers nga151 and nga106. A total of 67 recombinants were identified between these main of the proto-oncogene Myb ( Figure 3B ; Majello et ern blot analysis showed that the greatest steady-state concentration of WER RNA is obtained from root tips, The C-terminal portion of WER does not contain any recognizable structural domains. Overall, WER is most with a lower concentration from hypocotyl/cotyledon tissue ( Figure 4A ). Flower, leaf, stem, and shoot merisimilar to two other MYB proteins from Arabidopsis: GLABRA1 (GL1; M79448), which regulates trichome destem samples lacked detectable WER RNA. These results are consistent with the wer mutant phenotype and velopment (Oppenheimer et al., 1991) , and AtMYBrtf (Z68158) with unknown function ( Figure 3B) Genomic DNA from the three wer mutant alleles was fore it was also a possible regulator of WER. However, Northern blot experiments using seedling root tip RNA sequenced, and each possessed a single base substitution causing a nonsense mutation within the region of isolated from the ttg-1 and gl2-1 mutants did not reveal any significant difference in the steady-state level of the gene encoding the second MYB domain ( Figure 3A) . Thus, each mutant allele produces a truncated WER WER mRNA as compared with the wild type ( Figure 4B ). Figure 5D ). Together, these results show that the WER gene is expressed in a cell position-dependent manner within the developing epidermis of the root and hypocotyl.
Ectopic Expression of WER Alters Epidermal Cell Differentiation
In order to further define the function of WER, the effect of ectopic expression of the WER gene on GL2 expression and root epidermis development was examined. A construct containing the WER sequence fused transcriptionally to the CaMV35S promoter was introduced into wild-type and wer-1 mutant plants. In the wild-type background, the 35S::WER transgene did not cause a significant change in the patterning of epidermal cell types ( Figures 1D and 1E) . However, this transgene did 
A Model for Cell Patterning in the Root Epidermis
In our proposed model, the relative activity of two competing MYB transcription factors (WER and CPC) is critical for determining whether an epidermal cell activates the non-hair cell differentiation pathway (and adopts the non-hair fate) or fails to do so (and by default, adopts the root hair fate). Each of these MYBs is proposed to interact with a common bHLH protein, with the WER- and GL2 in seed coat mucilage production, ATMYBRTF may be a MYB protein specifically responsible for seed Global Control of Epidermal Cell Fate in Arabidopsis coat development and mucilage production. In addition to an understanding of root epidermis patOur findings provide insight into the molecular strateterning, our results provide insight into the control of gies employed for epidermal cell patterning. A future epidermis development throughout the Arabidopsis challenge will be to understand how the components plant. As one example, the WER gene was found to be that are common to several epidermal processes (e.g., required for appropriate epidermal development in the TTG and GL2) are able to contribute to very different hypocotyl. In the wer mutants, the position-dependent cell type patterning mechanisms in different tissues. For patterning of stomatal and nonstomatal cells is disexample, it will be interesting to determine whether rupted, much like in the ttg and gl2 mutants ( 
